Single GaN nanowires and larger GaN ensembles are investigated by Raman spectroscopy. Spectra of nanowire ensembles prove the high crystal quality and are in agreement with selection rules for the wurtzite structure. Single nanowires are studied with a spatial resolution of the order of 400 nm for different polarization directions of the incident laser beam relative to the nanowire axis. In the single wire spectrum, only the A 1 ͑TO͒ was observed and the Raman intensity was suppressed for perpendicular polarization. These results confirm that Raman scattering in isolated GaN nanowires is governed by size effects. © 2010 American Institute of Physics. ͓doi:10.1063/1.3343347͔
Gallium nitride is a promising semiconductor material due to its wide direct band gap, large breakdown field, high carrier mobility, and thermal stability.
1 These properties make the material ideally suited for short-wavelength optoelectronic devices such as light emitting and laser diodes, [2] [3] [4] as well as for high-power and high-temperature electronics. 5, 6 GaN nanowires feature a low density of structural defects 7, 8 and are therefore possible building blocks for future nanoelectronic devices. 9 Important for the performance of such devices are both the crystalline as well as the electronic properties of the nanowires. The combination of confocal microscopy and Raman spectroscopy offers in principle the possibility to investigate these properties with a spatial resolution of roughly half the excitation wavelength. Due to the well-defined scattering geometry, Raman spectroscopy on single wires allows furthermore to study the phonon symmetries and how they are affected by the finite size of the crystal.
The first-order phonon Raman scattering for bulk GaN follows the selection rules corresponding to its wurtzite structure. 10 A first study on polarized Raman scattering of single GaN nanowires was published by Pauzauskie et al.
11
They observed A 1 ͑LO͒ and E 2 H Raman modes in all spectra but with intensities which depend on the laser polarization plane with respect to the nanowire axis. Livneh et al. 12 performed a detailed study of phonon symmetries in GaN nanowires. They found the Raman intensities to be determined by the symmetry of complex-valued Raman tensors of the individual bands. An effect of the finite crystal size was not observed in their measurements. In the studies reported in Refs. 11 and 12, the nanowires were obtained by vaporliquid-solid synthesis with diameters larger than 150 nm. In contrast to these results, in our study we analyzed nanowires ͑NWs͒ grown by catalyst-free plasma assisted molecular beam epitaxy ͑PAMBE͒ with diameter smaller than 100 nm, and highly polarized Raman scattering was observed, as discussed below.
For a cylindrical nanowire with a diameter much smaller than the wavelength of the excitation light, one can show that the internal field polarized perpendicular to the nanowire axis is attenuated with respect to the external field. An electrostatic approximation results in a damping factor between parallel and perpendicular electric field of 2 0 / ͑ + 0 ͒, where and 0 are the dielectric constant of the GaN and surrounding medium, respectively. 13, 14 If only this dielectric shape effect is taken into consideration, the resulting attenuation factor for GaN NWs should be of the order of 30%. This shape effect overcomes the selection rules for Raman scattering resulting from tensor symmetry, and scattering modes can be suppressed due to this anisotropy. Raman studies on CuO ͑Ref. 15͒ and CdS ͑Ref. 16͒ nanowires with average diameters around 65 nm have shown that the intensities of all Raman modes ͑except E 2 H of the CdS nanowire in Ref. 16͒ showed a cos 2 ⌰ dependence, where ⌰ is the angle between the laser polarization and the nanowire axis. This means that the Raman scattering was strongly suppressed if the excitation light was polarized perpendicular to the nanowire axis. A similar polarization dependency was also found in photoluminescence measurements on nanowires of different materials, such as InP, 14 Si, 17 and CdSe. 18 In this work we present results from Raman spectroscopy studies on single GaN nanowires with an average diameter of 70 nm, which exhibit a strong dependency of the scattering intensity on the polarization direction of the excitation light.
The nanowires were grown catalyst-free by PAMBE on Si͑111͒ substrates. Details of the growth mechanism as well as optical and electrical characterization have been discussed elsewhere. 7, 8, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] The nanowires are single crystalline, 50-90 nm in diameter and up to 2 m in length. Raman spectra of the as grown samples, i.e., ensembles of GaN NWs, were measured in backscattering geometry using a laser wavelength of 514 nm and an excitation power of 25 mW. The laser beam was focused through a microscope ͑100ϫ, NA 0.9͒ to a spot size Ͻ2 m in diameter. The spectra were measured with a resolution of 0.8 cm −1 using a 1800 grooves/mm grating spectrometer. Additionally, individual nanowires were removed from the growth substrate and transferred by a dry method to a graphite crystal ͑highly ordered pyrolytic graphite͒. On such samples Raman scattering measurements were carried out using a WITec alpha300 microscopy system with a 532 nm laser as excitation source. A 100ϫ microscope objective ͑NA 0.9͒ was used to focus the laser beam to a spot size of about 400 nm, the excitation power on the sample was reduced to 5 mW to avoid laser heating effects. The scattered light was analyzed using a 600 grooves/mm grating spectrometer with a spectral resolution of about 3 cm −1 . Spatially resolved intensity maps are obtained by scanning the sample relative to the laser beam with a piezoelectrical stage. Since the Raman signal of a single GaN nanowire is very weak, the wire was imaged by mapping the intensity of the E 2g Raman mode of the graphite substrate. It was observed that this intensity is strongly enhanced when the wire is in the laser focus. Therefore a good contrast between the nanowire and the graphite substrate could be reached in a relative short acquisition time ͑about 20 min for a complete map͒. The laser spot was subsequently positioned on the localized wire and a single spectrum with an integration time of 1 h was recorded.
A typical Raman spectrum of an as grown ensemble of GaN nanowires is shown in Fig. 1 . Since the nanowires grow predominantly perpendicular to the silicon substrate, the nanowire axis, i.e., the crystal c-axis, 30 is oriented parallel to the incident laser beam. In this z͑-,-͒z geometry with z parallel to the c-axis, the selection rules for the wurtzite structure predict the appearance of E 2 H and A 1 ͑LO͒ Raman lines. Besides the first and second order Raman modes from the silicon substrate, marked by asterisks in Fig. 1 , the spectrum exhibits a strong E 2 H Raman mode at 568 cm −1 . The small value of the full width at half maximum ͑FWHM͒ of about 3.5 cm −1 proves the high crystal quality of the nanowires. A second peak can be found at 739 cm −1 close to the expected position of the longitudinal-optical ͑LO͒ modes. The deviation of this peak from the expected 734 cm −1 value for A 1 ͑LO͒ of the bulk GaN is probably due to coupling of the LO phonon to plasmons. 31 The Raman spectra of single nanowires differ considerably from spectrum of the ensemble. Spectra of two wires with different diameters are shown in Fig. 2 together with scanning electron microscopy ͑SEM͒ micrographs of the corresponding nanowires. Since the nanowire axis is perpendicular to the incident laser beam, the scattering configuration is denoted by x͑-,-͒x. In this geometry A 1 ͑TO͒, E 1 ͑TO͒, and E 2 H are symmetry-allowed modes but only A 1 ͑TO͒ is clearly expressed in the spectra of Fig. 2 We attribute the fluctuations in the Raman mode frequency and FWHM to the relatively low spectral resolution and to different sample temperatures arising from fluctuations from wire to wire in the thermal contact between nanowire and substrate. For the diameters of the nanowires studied in these measurements, phonon confinement effects are not expected. 32, 33 The absence of E 2 H and E 1 ͑TO͒ in the spectra measured in x͑-,-͒x geometry is in contrast to the results on bulk GaN ͑Refs. 10 and 34͒ and thick GaN nanowires 11, 12 published so far. For a better understanding of the peculiarity of the single wire spectra we investigated their dependency on the polarization of the excitation light, by rotating the sample while keeping the laser polarization fixed. A typical result is shown in Fig. 3 . The orientation of the nanowire with respect to the laser polarization can be seen for the different measurements in the Raman maps shown as insets in Fig. 3 . Raman spectra were recorded at different positions on the nanowire, denoted by A-D in the maps. If the nanowire is oriented parallel to the laser polarization, the Raman spectra exhibit a pronounced A 1 ͑TO͒ mode. The scattering configuration in this geometry is x͑z,-͒x, which allows the A 1 ͑TO͒ and E 1 ͑TO͒ modes. If the nanowire is oriented perpendicular to the polarization, which corresponds to a x͑y,-͒x scattering configuration, the scattering intensity almost vanishes, although selection rules allow E 2 H , A 1 ͑TO͒, and E 1 ͑TO͒. As can be seen in Fig. 3 , the contrast in the Raman map of the graphite signal is not affected by the nanowire orientation. The observed polarization dependence indicates that the Raman spectra are governed by the nanowire shape rather than by the selection rules of the wurtzite structure. If one assumes that the perpendicular field component is strongly reduced inside the nanowire due to the dielectric shape effect, the E 2 H mode, which arises only in x͑y,y͒x scattering with laser polarization normal to the wire, cannot be excited. The same effect would prevent the observation of E 1 ͑TO͒ arising from x͑y,z͒x scattering. The attenuation of the internal field would thus explain the suppressed Raman scattering in the case of a perpendicular orientation of the nanowire with respect to the laser polarization. The observed polarization anisotropy is much stronger than expected if the simple dielectric cylinder model from Ref. 14 is taken into account. This might be a consequence of the electrostatic approximation employed in this model. Additionally the anisotropy could be enhanced by a proximity effect of the graphite substrate and therefore future investigations are planned to clarify this aspect. Thus the question arises why a strong E 2 H mode was observed in the Raman spectrum of GaN nanowire ensembles ͑Fig. 1͒ while it was not detected in individual nanowire measurements. One possibility is that it is related to the morphology of the GaN ensembles. In the as-grown samples there is a high density of thin and thick NWs close to the substrate and the ensemble behaves like an effective medium of NWs and voids in which the incident light is inserted into the wires through the top facets and propagates parallel to the c-axis, giving rise to E 2 H scattering in z͑-,-͒z geometry. In conclusion, Raman scattering experiments have been performed on undoped GaN nanowire ensembles as well as individual nanowires. The spectra from the nanowire ensembles did not reveal a deviation from the selection rules for the wurtzite structure. In the single NW spectra, only A 1 ͑TO͒ was observed, with suppressed intensity for laser polarization perpendicular to the nanowire axis. These results indicate that Raman scattering in isolated GaN nanowires thinner than 100 nm is governed by size effects, which modify the selection rules for the bulk crystal. 
